Recent attention research suggests that factors other than low-level sensory processes modulate perception across the visual ¢eld, with right parieto-temporal cortex playing a critical role in directing visual attention to peripheral events. Here we examine how different degrees of attentional demand at ¢xation dynamically a¡ect detection of abrupt visual onsets in the periphery. In young healthy subjects, peripheral detection was signi¢cantly disrupted bilaterally when there was high attention demand at ¢xation. Right parieto-temporal lesioned patients, tested with a simpli¢ed version of task, demonstrated bilateral shrinkage of their available visual ¢eld, worse to the contralesional side, under increased attentional demand at ¢xation. These ¢ndings demonstrate how the e¡ective visual ¢eld is dynamically modulated by the deployment of attention in health and, more severely, following right parieto-temporal damage.
INTRODUCTION
Detection of peripheral visual stimuli (perimetry) has conventionally been used to map the sensory visual field. However, what is available to conscious vision at any one time is affected by factors other than low-level sensory processes [1] . Perception across the visual field appears to be modulated by the current availability of resources to process additional items [2] [3] [4] [5] , with the right parietotemporal cortex playing a critical role in directing attention to peripheral visual events [6, 7] .
We examined systematic variations in perception across the visual field under different levels of central attentional demand, in young healthy observers (Experiment 1) and patients with lesions involving the right parietal cortex (Experiment 2). A novel attentional perimetry task was developed to assess modulations in detection of peripheral items under three conditions of attention demand at fixation. We examined detection of abrupt visual onsets in the periphery, unlike other studies which investigate the effects of irrelevant distractors on target processing [2, 5] . This allowed us to measure how detection of expected peripheral stimuli is modulated by the degree of attentional deployment at fixation.
We expected that if demand at fixation was high enough there might be constriction of the effective visual field, even in young healthy volunteers, such that more eccentric items are simply missed. If this were the case it would suggest that peripheral vision could be detrimentally affected by attending to events at fixation, with implications for everyday visual tasks such as driving [4] .
The paradigm was adapted for use with a group of right parietal patients who often suffer from disorders of spatial attention associated with a strong ipsilesional bias, e.g. unilateral neglect [7] [8] [9] [10] [11] . Evidence is accumulating that such patients also suffer from non-spatially lateralised deficits [12] [13] [14] [15] , including limited capacity to deploy attention rapidly over time at one location [16, 17] , or difficulties in detecting ipsilesional items when attention is cued to the contralesional side [14] . We examined patients who have similar lesions to neglect patients but did not suffer from neglect at time of testing, so they were able to detect contralesional items and it was possible to examine whether this was modulated by attention at fixation. This paradigm also enabled examination of how detection on the good (ipsilesional) side of space was affected in these patients. If spatially lateralised attentional deficits interact with nonlateralised impairments [18, 19] , it might be anticipated that performance on the ipsilesional side would also be impaired.
EXPERIMENT 1
Participants: Eighteen subjects (14 female; aged 18-24) with normal/corrected vision were recruited. They gave informed consent and received payment for participation.
Apparatus and stimuli: Tasks were programmed with Psyscope 1.2.5 [20] on a Power Macintosh G4 laptop. The central task stimulus at fixation consisted of a small red diamond shape (11 across; Fig. 1 ) with either its bottom or top apex missing, i.e. either the bottom or top was flat [21] .
On half the trials a small light grey peripheral dot stimulus (0.041 across, 19.6 cd/m 2 ) was presented simultaneously with the diamond, appearing at one the four possible corners of an imaginary square around the central diamond. The eccentricity of these dots was either 21 (near) or 101 (far) from fixation. There were an equal number of peripheral dots presented in the near and the far position, evenly distributed across the peripheral locations. Peripheral dots appeared on half the trials. All stimuli were presented on a mid grey background (14.1 cd/m 2 ).
Procedure: We examined detection of peripheral stimuli under three different attentional conditions: high or low demand at the centre of visual field, and simple fixation. In both the high-and low-demand conditions, subjects were asked to discriminate whether the briefly presented (68 ms) diamond had a section missing from top or bottom. They were also instructed to report whether or not they detected a peripheral dot (displayed simultaneously with diamond). The level of attentional demand was manipulated by displaying a central mask (for 102 ms) immediately after the diamond (high demand condition) or after a 500 ms delay (low demand condition). For the fixation condition, subjects viewed the same program as used for the 'highdemand' trials but were not required to make judgments about the central stimulus; they simply had to report whether they detected peripheral dot.
Observers' responses were verbal and were entered into the computer by the experimenter, who checked for maintenance of fixation by watching subjects' eyes and pressing button to exclude trials with movement. Fewer than 2% of trials were excluded due to eye movements across studies. There were 6 blocks of 100 trials, 2 blocks for each of the 3 attention-demand levels (high, low and fixation). Presentation order of blocks was counterbalanced. Each subject completed 600 trials, 200 for each attention level giving a total of 3600 trials for each of these conditions across 18 subjects.
Results: Participants were accurate in performing the central discrimination for both low-and high-attention demand conditions (93% and 83%); performance was Sequence of stimulus presentation. In both the high-demand (a) and low-demand (b) conditions participants discriminated whether the central diamond had a segment missing from the top or the bottom. In the simple ¢xation condition observers viewed the 'high-demand' program. Simultaneously with the diamond, a small peripheral grey dot was presented on half the trials. Central discrimination accuracy (c) and peripheral detection (d) for near (21) and far (101) for young healthy observers in Experiment 1.
significantly better for the low-demand task as analysed with repeated-measures ANOVA, consistent with previous manipulations of this type [3] (F(1,17)¼16.138, po0.001; Fig. 1c) . Importantly, detection of peripheral stimuli varied with both central attention demands and stimulus eccentricity (Fig. 1d) , with a significant interaction between these variables revealed with repeated-measures ANOVA (F(2,16)¼3.82, po0.05). Critically, the main modulation of perception according to central task demands was for far (101) stimuli, with detection of near dots (at 21) not significantly modulated by task condition. For far stimuli, there was significantly better detection when participants were required to maintain central fixation (87%) or perform low-attention demand task (84%) compared with highattention condition (79%; planned-means comparisons: F(1,17)¼4.503, po0.001, F(1,17)¼4.56, po0.05, respectively). Detection of far stimuli was not significantly different between simple fixation and low-attention conditions.
To further investigate whether attentional demands at fixation might affect peripheral stimulus detection closer to the fovea than the far eccentricity used in first study, we carried out a second study with peripheral stimuli presented at either 21 or 61 (rather than 101) from fixation. Eighteen naïve subjects from previous age group participated. Discrimination of central stimulus was again performed well (85% for high-and 98% for low-attention demand). Peripheral detection followed the pattern of previous study. Far dot detection (at 61) was significantly worse during the high-attention demand task compared with both low-attention or simple fixation conditions (F(1,17)¼5.89, po0.05, F(1,17)¼23.58, po0.0001, respectively). In this experiment, there was evidence of modulation of near dot detection (i.e. at only 21); significantly more near stimuli were missed during the high-attention task compared with simple fixation (F(1,17) ¼5.17, po0.05), this approached significance for the low-vs high-attention demand comparison (F(1,17)¼2.1, p¼0.15).
EXPERIMENT 2
Participants: Six right hemisphere stroke patients (all male, aged 50-61) participated. All had involvement of the parietal lobe; 5 also had temporal damage. Lesion overlap was maximal near the temporo-parietal junction (Fig. 2) . None had neglect at time of testing on standard neuropsychological tests (e.g., line bisection; Mesulum shape cancellation; copying figures; drawing from memory). All patients had clinically intact visual fields, one patient had left-sided visual extinction. Four continued to demonstrate deficits associated with right parietal brain injury such as constructional apraxia. Patients were compared with six neurologically healthy control participants (three female), aged 52-65. Research was approved by the local ethics committee and participants gave informed consent.
Apparatus and stimuli:
The experiment was run as before except diamonds were white, not red. Pilot studies revealed red stimuli were difficult to discriminate for the patient group, even at increased latencies. Peripheral dots were displayed at 21 or 61 from fixation.
Procedure: Central diamond and peripheral dot stimuli were now presented for 200 ms. During the high-attention demand task a mask stimulus was presented immediately after diamond offset, but now for slightly longer (150 ms). During the low-demand task, no mask was presented. For the fixation condition, participants maintained fixation at the centre of the screen while high-demand trial parameters were displayed. These timing changes were necessary for patients and the group of controls to perform central discrimination tasks at a level of accuracy comparable with that of the young groups in the previous studies. Subjects completed slightly fewer trials (75 trials per block; as before 6 blocks, 2 for each attention condition) some of the patients ran the fixation blocks in a separate session due to fatigue. Therefore, there were 150 trials for each attention condition per subject. In each group (both n¼6) there were 900 trials overall for each attention-demand condition.
Results: Both patients and controls maintained a high level of accuracy in the central discrimination task (490% correct for both groups in both tasks; Fig. 3a) . Despite equivalent levels of central performance the difference between groups in peripheral detection was striking. Healthy, age-matched controls were able to detect the majority of peripheral stimuli (both near and far) in all conditions of this easier variant of the attentional perimetry task. By contrast, right parieto-temporal patients were severely affected by increasing attentional demands at fixation (Fig. 3b) .
Overall, patients' detection was significantly impaired compared with controls (F(2,10)¼4.4, po0.05). Importantly, patients were worse both for the left (contralesional) and right (ipsilesional) side (F(2,10)¼44.327, po0.0001; F(2,10)¼10.418, po0.01, respectively) although detection was inferior to the left. The impairment on the right is unlikely to be explained by a general non-specific reduction in performance since patients' discrimination performance for the central task was excellent (Fig. 3a) . Their detection of near right-sided peripheral dots was equivalent to the detection performance of control participants (Fig. 3b) ; only detection of far stimuli was significantly impaired on the right (Fig. 3c) .
For both near (21) and far (61) stimuli, patients demonstrated a spatial bias, detecting significantly fewer stimuli to the left than the right (58% vs 88%; compared with 97% vs 98% for controls). Critically, this spatial bias was also significantly modulated for far stimuli by attentional demands at fixation: more far left stimuli were detected when patients maintained simple fixation compared with the low-and high-attention conditions (69% vs 56% vs 44% respectively; (F(1,5)¼6.855, po0.01). Further investigation of this effect revealed significant differences in detection during the high-demand task compared with simple fixation (F(1,5) ¼13.681, po01) but comparisons between the other two conditions did not quite reach significance. Note also that in the right hemifield, there was a trend for far detection to be poorer when patients performed either of the two attention demanding discrimination tasks compared with simple fixation (Fig. 3c) . These effects in contralesional as well as ipsilesional detection, when combined with effects noted above, produced a significant four-way interaction between all experimental factors in an ANOVA with between-subjects factor of group (patients vs controls) plus within-subjects comparisons of attention condition, eccentricity and side of stimulus (F(2,10)¼3.51, po0.05 ).
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DISCUSSION
Detection of peripheral stimuli was modulated by the level of attention deployed at fixation, even in young healthy participants. Whereas other studies examined the extent to which secondary items are processed under high attentional demand [2] , we have shown that when the demand of a central task is high enough, normally salient peripheral onsets are simply not seen. These stimuli were presented at identical positions on the retina across all task conditions, yet their detection, even in these uncluttered scenes, was strongly affected by attention demands at fixation. This is a novel demonstration of such detection failures in young healthy participants actively monitoring sparse displays for peripheral onsets.
Increasing attentional demands at fixation for right parieto-temporal patients (Experiment 2) produced two important effects. First, there was severe constriction of the available field of view, with stimuli at only 61 often missed on both the contralesional and ipsilesional side when patients performed a secondary discrimination task at fixation. By contrast, on this version of the task (less demanding than one in Experiment 1), age-matched controls had no deficit in detecting items on either side. Second, increasing central attentional demands exacerbated the spatially lateralised impairment for far contralesional stimuli, with patients' available field of vision considerably worsening on that side. These effects cannot be explained by a traditional account of extinction of left stimuli by a central discrimination task. Only one patient demonstrated extinction clinically. More importantly, during the simple fixation condition patients detected most of the peripheral stimuli despite the fact that they were impaired when they viewed exactly the same stimulus parameters in the high-demand condition. Finally, detection of stimuli presented on the ipsilesional side was also impaired on this task. Right parieto-temporal damage thus appears to compromise the ability to direct attention to either visual hemifield, worse to the contralesional side, under conditions of increased attentional demand. A reduced non-spatial attentional capacity in such patients [12] [13] [14] 18, 19] may interact with spatially lateralised deficits to worsen spatial bias when attentional demands increase. If severe enough, interactions might lead not only to neglect of contralesional stimuli, but also to impaired detection of far peripheral ipsilesional stimuli. Such bilateral 'visual loss', worse to the contralesional side, could account for the bias for local detail in neglect [22] .
CONCLUSION
Peripheral detection is modulated by attentional demand at fixation in healthy observers and right parieto-temporal patients, with visibility across the visual field being determined by factors other than low-level sensory stimulation. Right parieto-temporal damage leads to severe shrinkage of the effective visual field, worse contralesionally, under levels of attentional demand that do not affect control subjects.
